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Chandra Entropy Profiles

- — — — Pure Cooling Model

Cavagnolo, Donahue, Voit, &
Sun (2009)
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Central Entropy Distribution
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Distribution of K is
bimodal with deficit
at K, ~ 40-50 keV cm?
corresponding to a
cooling time ~ 1 Gyr
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Simulation setup
FLASH3, AMR
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initially hydrostatic cluster, modeled
after Perseus, static gravity
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5 levels of refinement (3-6), 102443 eff.
res., (650 kpc)”*3 box
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radiative cooling by thermal
bremsstrahlutig
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bubbles are produced by injection of
energy into spherical regions
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ES and M. Bruggen (2008)

Log10 Density (q/cm?)
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Log10 Density (g/cms) ES and M. Bruggen (2008)
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Rayleigh Taylor Instability

Dense Fluid
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Dependance on Resolution Apax = 47( V2 A/g)l/3
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Ionized Medium

viscosityocVi A ; V. = Velocity of ions

A;=1/[nx (e2/3kT)?]

Spitzer V= 20 kpc x 1000 km/s n_;"1'T5/2




viscous bubble evolution

Reynolds et al. (2005)




Ionized Medium
viscosityoc V. A, V, = Velocity of ions
A.=1/[nxn (e?/3kT)?*]
v= 20 kpc x 1000 km/s n ;1T 5/2

A= (mV,/eB)

v= 10" cm (T,!/2/B )% 1000 km/s Tg!/?




Subgrid Turbulence




Fluid Equations For Supersonic Turbulence

Thermal +
dpu; “ Turbulent
8t | 6’x i | \
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ES & M. Bruggen (2009)



Dimonte & Tipton ‘06 Turbulence Model

based on buoyancy-drag models for RT and RM instabilities: self-similar,
conserves energy, preserves Galilean invariance, works with shocks

K = Turbulent KE, L= Turbulent Length Scale

- . . - | — R K
ot Ox; Oz; \ Nk Ox; Ox;
turb. diffusion work associated with source term with
turbulent stress RM and RT contributions
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Rayleigh-Taylor Shock Tube Test

108.0[1(/ (em?/s?)]
O O N
lllllllllllll
:

Illlllllllllllllll

11

solid: simulation

|
o
Hpren

E
3 o 3 dashed: analytic
¥ ]
$o| L3 L@t = L0l - 2?/h(t)?)
Eo.gé 3 K(z,t) = K(t,0)[1 — 2?/h(t)?]
S 09E =
085 Bl Lo Lol llS h(t) = aA(0)t?
04 -02 0 02 04
x/cm L(¢t,0) = h(t)/2
K(t,0) = (dh/dt)*/2

ES and M. Bruggen (2008)



ES and M. Bruggen (2008)

Log10 Density (q/cm?)

8= —25.0
IOZJ
_25.5
|023
0 —26.0
|023
_26.5
IOZJ
102 ) _—_ 5

AT L <
—IxARR devel=—1x15* 0 e 2x1ID @<=



Log10 Density (q/cm®) ES and M. Bruggen (2008)
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Dependance on Resolution Apax = 47( V2 A/g)l/3
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Dependance on Resolution Apax = 47( V2 A/g)l/3
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Density Slices X-ray

Log10 Density (g/cm’)

Log10 Density (g/cm’)

50 i
Myrs:----

_— R e . o
0 1xI0® 200" Ixig™ ~3u10® <2u10™ <1x10® 0 1x10™ 2m00™  Jxo™
* (om) " (o)

B ol
~3e10™ ~2x10™ ~1x10™

Log10 Density (g/cm®)

Log10 Density (g/cm®)

100
Myrs

y (em)

] S
' =3010™ ~2010® -1x10® 0 1x10® 2™ Sw0™
* (em)

Log10 Density (g/cm®)

150
Myrs

em)

¥y

- ~ 310" WP
0™ 2a1g®  seic® =5e10™ ~2e10™ - o'o w10 2:0™  swrg™

No Turb Turbulence No Turb. Turbulence
ES and M. Bruggen (2008)



Log10 Density (q/cm?)

8= —25.0
IOZJ
—FE R
IOZJ
0 —26.0
IOZS
—26.5
IOZJ
ik — 970

OUTTIDET O — :
—IxApR devel=—1x15* 0 e 2x1ID @<=



| 02.3

| 023

| 023

| OZJ

I 023

| 02

Log10 Density (gq/cm?)

ALvignl 0= 3 — 4
L AR develnZ—_1x182 0 1x10%° 2%10%8 3108






~ N

20 KILOTON AIR BURST— 10 SECONDS
1 MEGATON AIR BURST— 37 SECONDS

REFLECTED BLAST
WAVE FRONT

PRIMARY BLAST
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cyan: Sedov
yellow: evacuated
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AGN Heating

How Coupled?

Rafferty et al. (2006)




Brighenti & Mathews (2006) Log density — t=2.70e8 yr
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Bondi accretion within
Cattaneo & Tessier (2008) central 3.2 kpc.
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Yang, Ricker, & Sutter (Poster)




Vernaleo & Reynolds (2008)

Low-density channel prevents
isotropic heating

50 100 150 200
t (106 years)




So how do you get the AGN to self-regulate?

measure mass inflow

N

bubble

convert fraction of accreted rest
mass energy to bubble energy

M. Bruggen & ES (2009) 1.5 X 10 = mc”2
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Timestep 29 of 200
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600 Myrs
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Mpc
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Mpc
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680 Myrs
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What Sets Duty Cycle?

tduty ~ l/vturb
l 2 1 dp
o =5 P dr
o
Cs

_Cg/To

Uturb =— gl/cs ~ Cs —

N\

tduty s

M. Bruggen & ES (2009)
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ES & M. Bruggen (2010)




Conclusions

Rayleigh-Taylor driven turbulence is a key part of what
determines the growth of black holes in clusters, but can be only
propetly simulations with subgrid modeling.

Cluster self-regulation can be achieved in a simulation that
includes a subgrid turbulence model. With a with duty cycles of
50-100 Myrs, a timescale that is set by time for turbulence to
decay away.

The superposition of RT unstable modes prevents break-up of
bubbles and enhances mixing and hence self-regulation.

We need to carefully develop accurate subgrid turbulence models
to span the gap from cosmological scales to A ypp-




